Asymmetric Dark Matter from Hidden Sector Baryogenesis by Dutta, Bhaskar & Kumar, Jason
ar
X
iv
:1
01
2.
13
41
v3
  [
he
p-
ph
]  
21
 A
pr
 20
11
MIFPA-10-52
UH-511-1156-2010
Asymmetric Dark Matter from Hidden Sector Baryogenesis
Bhaskar Dutta
Department of Physics and Astronomy, Mitchell Institute for Fundamental Physics,
Texas A&M University, College Station, TX 77843, USA
Jason Kumar
Department of Physics and Astronomy, University of Hawai’i, Honolulu, HI 96822, USA
We consider the production of asymmetric dark matter during hidden sector baryogenesis. We
consider a particular supersymmetric model where the dark matter candidate has a number density
approximately equal to the baryon number density, with a mass of the same scale as the b, c and τ .
Both baryon asymmetry and dark matter are created at the same time in this model. We describe
collider and direct detection signatures of this model.
PACS numbers: 95.35.+d
Introduction. There are two remarkable coincidences
which have motivated many theoretical models of dark
matter. The first is the fact that the dark matter density
is approximately the same (within an order of magni-
tude) as what one would expect from a stable thermal
relic at the weak scale, and the second is that fact that
the dark matter density is approximately the same the
baryon density. Thermal WIMPs and WIMPless dark
matter [1] are examples of models which utilize the first
coincidence to explain the observed dark matter density.
Models which utilize the second one could contain asym-
metric dark matter [2] or non-thermal dark matter [3].
Models of asymmetric dark matter rely on the fact that
a stable particle with the same mass and number density
as baryonic matter would have roughly the mass density
to explain our cosmological observations of dark matter.
To utilize this coincidence, one must explain why the
dark matter particle has a mass mDM ∼ O(GeV), and
why the number density is similar to that of baryons.
Many such models thus tie the mechanism of generating
dark matter to baryogenesis.
We will consider the possibility of generating a dark
matter candidate utilizing hidden sector baryogenesis [4].
We will find that we naturally get a dark matter candi-
date with about the same number density as baryons.
The model we consider is in the framework of supersym-
metry, and both the baryon asymmetry and dark matter
are created at the same time. Furthermore, we will find
that we can easily accommodate mDM ∼ O(GeV), and
that this choice is correlated with the mass scale of the
bottom and charm quarks, and the tau lepton. We also
discuss signals at the Large Hadron Collider (LHC).
The organization of this paper is as follows. We first
review hidden sector baryogenesis. We then discuss the
mass scale of the new particles and the asymmetric dark
matter candidate. After that, we discuss possible flavor
constraints, and direct detection and collider signals. We
close the paper with concluding remarks.
Review of hidden sector baryogenesis. Hidden sec-
tor baryogenesis is a generalization of the idea behind
electroweak baryogenesis [4]. The idea of hidden sector
baryogenesis is that sphalerons of a hidden sector gauge
group can generate a baryon asymmetry in the Standard
Model sector. We will formulate this as a supersymmet-
ric model. The setup we will seek is a hidden sector
gauge group G, with chiral matter charged under both
G and SU(3)QCD ⊂ U(3) (the diagonal U(1) subgroup
of this U(3) will be U(1)B, whose charge is baryon num-
ber). We assume that G has a diagonal subgroup U(1)G.
We will denote by qi an exotic quark multiplet which is
charged under the fundamental of G and under U(1)B
(and thus also SU(3)QCD), but not SU(2)L. There is
thus a U(1)BG
2 mixed anomaly, implying that the di-
vergence of the baryon current is
∂µj
µ
B ∝
1
32pi2
(g2GTr FG ∧ FG + ...). (1)
We then see that sphaleron or instanton effects in the
hidden G sector can generate a configuration such that
the right side of the above equation is non-zero. This
implies a non-zero divergence of the baryon current, re-
sulting in a change in baryon number. If the G gauge
group breaks through a strongly first-order phase transi-
tion, and if there is sufficient CP -violation at the domain
wall of the phase transition, then a baryon asymmetry
can be generated at the phase transition. This asymme-
try takes the form of a flux of qi exotic quarks from the
domain wall. Note that this asymmetry can be generated
regardless of the mass scale at which G breaks, provided
the universe is at some point hot enough to be in the
phase of unbroken G-symmetry.
Eventually, these qi quarks must decay to Standard
Model quarks. Thus, it is not sufficient to add only the
exotic quarks qi. An additional multiplet can be added to
permit the decay qi → qSM(R)η˜, where qSM(R) is a right-
handed Standard Model quark and η˜ is the scalar com-
ponent of a supermultiplet1 which is also charged under
1 We follow a convention where the same letter is used to denote a
2TABLE I: Particle spectrum for an example model with an
exotic up-type quark. QG is the charge under U(1)G, the
diagonal subgroup of G. The matter content below the line
is already present in the Standard Model.
supermultiplet QB QG QT3R QY Z2
qi
1
3
-1 0 2
3
−
q′i −
1
3
0 0 − 2
3
−
η 0 1 1 0 −
η′ 0 -1 0 0 −
ξj 0 -1 0 −
2
3
+
ξ′j 0 0 0
2
3
+
bR −
1
3
0 1 1
3
+
cR −
1
3
0 -1 − 2
3
+
τR 0 0 1 1 +
TABLE II: Similar to Table I, the particle spectrum for an
example model with an exotic down-type quark.
supermultiplet QB QG QT3R QY Z2
qi
1
3
1 0 − 1
3
−
q′i −
1
3
0 0 1
3
−
η 0 -1 -1 0 −
η′ 0 1 0 0 −
ξj 0 -1 0
1
3
+
ξ′j 0 0 0 −
1
3
+
bR −
1
3
0 1 1
3
+
cR −
1
3
0 -1 − 2
3
+
τR 0 0 1 1 +
G, but is neutral under SU(3)qcd and U(1)Y . U(1)T3R
is a group under which some right-handed fermions are
charged, analogous to the U(1)T3L subgroup of the elec-
troweak SU(2) under which left-handed Standard Model
fermions are charged.
In addition to G and U(1)T3R, this model contains an
additional symmetry (taken for simplicity to be a discrete
Z2); the lightest particle charged under this symmetry is
thus stable. The relevant matter content of this model is
given in Table I for the case where the new exotic quark
is up-type. If it is down-type, the matter content of an
example model is given in Table II.
It is necessary for all cubic anomalies and the hyper-
charge mixed anomaly to cancel. This cancelation must
be manifest for the matter content with mass below the
electroweak symmetry breaking scale. The anomalies in-
duced by heavier matter must also cancel to keep the
photon massless, and for this purpose the ξj , ξ
′
j multi-
supermultiplet and its fermionic component, while a tilde denote
the scalar component.
plets are also added (with 3 times the multiplicity of the
qi). There is little experimental constraint on the hidden
sector matter which can exist well above the electroweak
symmetry-breaking scale, so we have considerable free-
dom in satisfying these anomaly constraints. We need
only demand that, although hypercharge anomalies can-
cel, there is a U(1)BG
2 mixed anomaly. Sphalerons of the
group G can thus generate non-vanishing baryon charge,
but not G-charge or hypercharge.
Since η˜ is electrically neutral and a singlet under
SU(3)qcd, it is a potential dark matter candidate (as is
the fermionic partner of the multiplet, which we will de-
note as η). Moreover, as we will see, the number den-
sity of the lightest component of the η multiplet is pro-
portional to the baryon number density, and its mass is
∼ O(GeV).
Mass-scale of the particle content. The mass scales
of the new particles of this model are determined by
the symmetry-breaking scales of the two new continuous
gauge groups, G and U(1)T3R. For the U(1)Y U(1)
2
T3R
mixed anomalies to vanish for light matter content, there
must be an up-type quark, a down-type quark and a
charged lepton which are all charged under U(1)T3R. But
these fermions do not in fact have to be in the same gen-
eration. Since the right-handed quarks are charged under
U(1)T3R but the left-handed quarks are not, one would
expect that the mass scale of those fermions is set by the
symmetry-breaking scale of U(1)T3R. Since the b, c and τ
all have masses of approximately the same scale, we will
choose the right-handed c and b quarks and the right-
handed τ as the fermions charged under U(1)T3R. The
mass scale of these Standard Model fermions naturally
suggests that U(1)T3R should have a symmetry-breaking
scale of O(GeV).
We can model U(1)T3R symmetry breaking through a
pair of “higgs-like” scalars, which we will denote as φ˜u,d
(we will denote their fermionic partners as φu,d), with
charges±1 under U(1)T3R which get vacuum expectation
values. Similarly, we can model symmetry breaking of G
by a higgs-like scalar Φ˜G, which is charged under G and
whose vacuum expectation value spontaneously breaks
G. At low energies (well below the scale of electroweak
symmetry breaking), the mass terms of the bottom and
charm quarks and the tau lepton are then controlled by
the vevs of φ˜u,d. We may thus write the following Yukawa
couplings:
Vmass = λbφ˜db¯LbR + λcφ˜uc¯LcR + λτ φ˜dτ¯LτR + h. c.
mb = λb〈φ˜d〉
mc = λc〈φ˜u〉
mτ = λτ 〈φ˜d〉 (2)
If 〈φ˜u,d〉 ∼ O(GeV), then we would need λb,c,τ ∼ O(1)
in order to get the measured masses of b, c and τ .
One expects the natural mass scale of any new parti-
cle to be set approximately by the lightest symmetry-
3breaking scale of the groups under which the parti-
cle is chirally charged. Since the exotic quarks are
not charged under SU(2)L, their mass is not controlled
by electroweak symmetry-breaking. Instead, qi and q
′
i
can obtain mass through a potential term of the form
λq〈Φ˜G〉q¯
′
iqi, we find mqi ∼ λq〈Φ˜G〉, and the natural mass
scale of the exotic quarks is the symmetry breaking scale
of G. There is no a priori constraint on this symmetry
breaking scale, but the non-observation of exotic quarks
implies thatG breaks at a scale larger than a few hundred
GeV.
Similarly, since the η and η′ supermultiplets are vec-
torlike under G but chiral under U(1)T3R, they can ob-
tain mass through a superpotential term of the form
λη〈φ˜u,d〉η¯
′η. The mass of particles in these supermul-
tiplets is thus set by the symmetry-breaking scale of
U(1)T3R, which is ∼ O(GeV).
Dark matter asymmetry. Sphalerons/instantons of the
G group generate qi, η and also the G-charged matter
ξj ; the number densities of the generated particles are
thus correlated. Since ξi is neutral under Z2, its de-
cays will not produce a dark matter asymmetry. The qi
are charged under Z2, so its decays are mediated by the
Yukawa coupling
Wyuk. = Ciqi(b, c)Rη + ... (3)
(depending on whether the exotic quark is down or up
type). The decay qi → (b, c)Rη˜ is kinematically allowed,
since we expect the mass of qi to be relatively high (set by
the symmetry-breaking scale of G), while mη ∼ O(GeV).
All of the particles generated by sphalerons/instantons
of G thus decay to either η or η˜, and the heavier of these
will eventually decay to the lighter one. Since the η˜ and
η˜∗ can annihilate efficiently (e.g., via ZR in s-channel), we
are left with the asymmetric component of dark matter
density, i.e., #densityη∗ ≪ #densityη. We thus find that
this model gives us exactly what we were looking for, a
dark matter candidate η˜ (η) with a mass ∼ O(GeV) and
with a number density proportional to the baryon num-
ber density. The lightest particle of the η supermultiplet
is therefore a good asymmetric dark matter candidate.
G-spahelerons/instantons would produce an η¯ number
density which is about 13 the qi number density (which we
can see from the matter content). The decay of the qi to
Standard Model quarks produce 3 η˜ for each Standard
Model hadron. Assuming that the η¯ decay to η˜∗, and
that electroweak sphalerons will convert approximately
half of the baryon number density into leptons, we get a
number density ratio
#densityη˜
#densityproton
∼ 4. If mη˜ ∼ O(GeV),
then we would have about the right relic density. Both
baryon asymmetry and dark matter are created at the
same time.
If dark matter annihilation has not frozen out by
the time the baryon asymmetry is generated, then dark
matter self-annihilation can wash out any dark matter
asymmetry generated by hidden sector baryogenesis at
the G symmetry-breaking phase transition. Since the
symmetry-breaking scale of G is greater than a few hun-
dred GeV (and thus much greater than the dark matter
mass), is likely that dark matter self-annihilation would
not have frozen out by the time of hidden sector baryo-
genesis, and must be suppressed in some other way. But
dark matter self-annihilation can be easily forbidden if
the η supermultiplet is charged under an unbroken con-
tinuous symmetry (either global or gauged). We will
thus assume that the dark matter is charged under some
other such continuous global symmetry; this symmetry
will play no role in the remainder of the discussion.
Flavor constraints. Because the new matter only cou-
ples to one generation, it does not induce flavor chang-
ing neutral currents through renormalizable operators.
FCNC’s can be introduced through non-renormalizable
operators of the form λijhφ˜f¯Lifj ; where h is the SM
Higgs. These may provide an interesting signature for
these models, but no current constraint (since the co-
efficients may be small). The main experimental con-
straint on this model then comes from the process bb¯→
φ˜d, ZR → τ τ¯ (ZR is the gauge-boson of U(1)T3R). This
process violates lepton universality, and is bounded by
data from B-factories, such as Belle and BaBar, at the
0.1% level [5] using searches for Υ decay to τ τ¯ pairs. If
the coupling constant of U(1)T3R is small, the exchange
of the ZR gauge boson may be negligible. But the ex-
change of φ˜d cannot be arbitrarily small, since the cou-
plings λb,τ are expected to be of O(1) in order to natu-
rally explain the mass scale of the b and τ .
Assuming no accidental coincidence between the mass
of an Υ resonance and the mediating particle, the ampli-
tude for bb¯→ τ τ¯ is inversely proportional to the squared
mass of the mediating particle (or of the dark matter,
when mediated by a photon). But since the masses of
ZR, φ˜d and the dark matter are all determined by the
symmetry-breaking scale of U(1)T3R, the energy scale of
the bb¯ → τ τ¯ cross-section is only moderately dependent
on whether the mediating particle is ZR, φ˜d or γ. The
amplitude for bb¯→ φ˜d → τ τ¯ is thus proportional to λbλτ ,
while the amplitude for bb¯ → ZR → τ τ¯ is proportional
to g2T3R. But the bb¯→ ZR → τ τ¯ amplitude can interfere
with the bb¯ → γ∗ → τ τ¯ amplitude, enhancing its con-
tribution. Thus, the rough limits on lepton universality-
violating contributions from φ˜d and ZR exchange are
λ2bλ
2
τ , g
2
T3R g
2
em < 0.001g
4
em, (4)
where gem is the electromagnetic coupling constant. For
φ˜ exchange, we can use eq. 2 to write λb and λτ in terms
of 〈φ˜d〉 and mb,τ . The flavor constraint can thus be
rewritten as
〈φ˜d〉 > 50 GeV (5)
These constraints imply λb < 0.1, λτ < 0.04, so the fine-
tuning of the bottom and τ mass terms is reduced by
4a factor of 5. More importantly, it explains the hierar-
chy which places the b and c quarks and the τ lepton at
roughly the same mass scale.
Dark matter-nucleon scattering cross-section. In this
model, dark matter can scatter off b- and c-quarks
through t-channel exchange of ZR. Note that since only
bR, cR couples to ZR, the interaction vertex must have
a V − A structure. In addition, η is also chiral under
this gauge group, and couples to ZR through a V − A
interaction vertex.
The most relevant scattering amplitude is spin-
independent, arising from a vector-vector coupling (a
pseudovector-pseudovector spin-dependent coupling may
also be present, but will be more difficult to probe at ex-
periments). It is easiest to consider the case where the
dark matter particle is a scalar. In this case, the spin-
independent scattering cross-section is given by
σSI =
m2r
4pim4ZR
g4T3R[ZB
p
c + (A− Z)B
n
c ]
2 (6)
where mr=mη˜mN/(mη˜ + mN ) and B
(p,n)
c ∼ 0.04 [8].
Since the ZR mass is generated by symmetry-breaking of
U(1)T3R, one expects
mZR ∼ gT3R
√
〈φ˜u〉2 + 〈φ˜d〉2. (7)
It is worth noting that the interesting region of low-mass
dark matter would correspond to mη˜ ∼ 7 − 10 GeV,
gT3R ∼ 0.01 and mZR ∼ 1 GeV (which is a reasonable
choice, given eq. 7).2 This is within the limits imposed
by lepton universality. However, for this model, the scat-
tering cross-section can be much lower since mZR can
depend on 〈φ˜u〉 and other mixing angles.
Collider signals. A standard way to search for dark
matter at a hadron collider is by the production of new
colored particles, which then decay to dark matter and
Standard Model jets and leptons. This search strategy
is possible in the case of hidden sector asymmetric dark
matter, through QCD production of the exotic quarks,
pp → qiq¯i → cc¯(bb¯)η˜η˜
∗, where the scalar η˜ is the dark
matter candidate. This signal is interesting because the
production cross-section is controlled by QCD processes,
and thus is independent of gT3R and the Yukawa cou-
plings. Due to Z2 charge conservation, qi is constrained
to decay to η˜. The Yukawa coupling Ci only determines
the lifetime of qi, and we will assume that qi decays
within the detector. As we have seen, the mass of the
exotic quarks is not controlled by electroweak symmetry
breaking, so there is no expected maximum scale for mqi .
2 These models can potentially match signals from DAMA, Co-
GeNT and CRESST [6], but these signals are seriously chal-
lenged by analyses from XENON100, a preliminary analysis from
XENON10 and a recent analysis from CDMS [7]
As such, colliders cannot exclude this signal. But ifmqi is
within reach of the LHC, then the LHC can find evidence
for this signal, jets plus missing transverse energy.
This signal may be especially striking in the case where
the exotic quark is down-type and the signature is two
b-jets and missing ET . A detailed analysis of this signal
is underway, and preliminary results indicate that the
first LHC physics run may be able to probe models with
mqi
<
∼ 600 GeV [9]. Interestingly, this is also a signal for
WIMPless dark matter. In that case, the process is pair-
production of down-type exotic quarks, which decay to
b-quarks and two scalar WIMPless candidates.
Another signal is pp → b˜Rb˜
∗
R → bb¯φdφ¯d, where φd
is the fermionic partner to φ˜d (i. e. , the “higgsino” of
U(1)T3R). Note that φd cannot decay to Standard Model
particles. It is a fermion which is neutral under U(1)B−L,
and therefore must decay to an odd number of fermions
for whom NB − NL vanish. Since the MSSM sfermions
are much heavier than the GeV scale, φd cannot decay
to any MSSM particles.
φu,d is not necessarily a good asymmetric dark matter
candidate; although mφu,d ∼ O(GeV), there is no reason
for its number density to be related to the baryon number
density. Moreover, it may decay to very light hidden
sector particles, with small relic density. Interestingly, it
will still appear as missing transverse energy at a collider
experiment. The lightest particle in the η supermultiplet
is still our asymmetric dark matter candidate.
There are other signatures which are similar to Higgs
signatures, such as pp → bb¯φ˜d → bb¯τ τ¯ or pp → φ˜d →
τ τ¯ (with the production of φ˜d controlled by a loop of
b-quarks). These processes would be somewhat larger
than what is expected for Higgs production, since the
λb,τ Yukawa couplings are larger than the standard Higgs
Yukawas of the b and τ .
Conclusions. We have shown that hidden sector
baryogenesis [4] can yield an asymmetric dark matter
candidate which naturally has approximately the correct
relic density. The dark matter massmη is set by the mass
scale of the bottom, charm and τ , and thus is ∼ O(GeV).
This model thus not only explains why the dark matter
and baryon number densities are comparable, but also
why the dark matter relic density is close to the baryon
density. Interesting tests of this proposal can be made
at the Tevatron and the LHC, where processes with b’s
or τ ’s in the final state should be especially amenable to
searches at colliders. The lepton universality-violating
process Υ → τ τ¯ can potentially be observed at Super-
Belle.
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